Key message Lignification and suberization of Casparian strips occurred simultaneously during the development of Cunninghamia lanceolata primary roots. Abstract The Casparian strips in the cell walls of vascular plant root endodermis and exodermis cells are vital for the exclusion of salts and pathogens, selective nutrient uptake, and other processes related to the transport and assimilates of water. Despite the importance of Casparian strips, their chemical composition and its relevance to their diffusion barrier functions remain a matter of debate, especially in woody plants. Here, we describe the cytological features revealed by fluorescent staining of developing Casparian strips in the primary root endodermis of Chinese fir (Cunninghamia lanceolata), one of the most important timber species native to China. Using apoplastic permeability tests, we revealed that the Casparian strips provide their barrier function from the secondary stage of endodermis development, after lignin and suberin are deposited onto the surface of the protoplast next to tangential cell walls. Furthermore, we enzymatically isolated Casparian strips from the primary root endodermis and analyzed their chemical composition using Fourier transform infrared spectroscopy, revealing that they consist largely of lignin and suberin. Using confocal Raman microscopy for label-free, in situ, structural and biochemical analysis, we showed that lignin and suberin accumulated simultaneously in the developing Casparian strips. Taken together, these results elucidated Casparian strip development and characterized the lignification and suberization processes in situ in the primary roots of Chinese fir. Since this species shows broad adaptability to varying environmental conditions, our findings may facilitate work to understand the barrier function of Casparian strips in relationship to environmental stresses.
Introduction
Plant roots grow in direct contact with the soil to facilitate their uptake of water and necessary solutes, but must simultaneously avoid the uptake of unwanted or toxic solutes. The roots of virtually all vascular plants have developed anatomical and physiological adaptations to exclude unwanted solutes and pathogens; these adaptations include the formation of Casparian strips in the cell walls of endodermal and exodermal cells in the primary roots (Enstone et al. 2003; Lehmann et al. 2000; Peterson et al. 1993) . Casparian strips were first described by Robert Caspary (1865) as a single layer that very closely approximated cells, and were first isolated by Priestley and North (1922) . They were more comprehensively illustrated by Schreiber et al. (1994) , and have since been described in a wide range of plants.
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Casparian strips are a uniseriate sclerenchymatous layer that acts as a physical barrier to apoplastic transport. Casparian strips are tissue-specific and involved in blocking the nonselective apoplastic bypass flow of water (Hose et al. 2001; Steudle 2000; Steudle and Peterson 1998) , preventing the uptake of ions into the stele (Nagahashi et al. 1974; Perumalla et al. 1990) , and facilitating the response to different environmental stress conditions (Degenhardt and Gimmler 2000; Karahara et al. 2004; Shen et al. 2015; Yang et al. 2015) . The function of Casparian strips as apoplastic transport barriers in roots has been established in many different plant species.
In most species, root endodermal cell development occurs continuously and involves three stages (Peterson 1988; Ranathunge et al. 2004; Van Fleet 1961) . In the primary stage of endodermis development, lipophilic and aromatic substances are deposited in the radial and transverse walls to form the Casparian strips. In the secondary stage, suberin lamellae are deposited onto the surface of the protoplast next to the anticlinal and tangential cell walls. In the tertiary stage, cellulose is deposited on the radial walls, inner tangential walls, and transverse walls, often accompanied by lignification. Various environmental factors, such as light (Karahara and Shibaoka 1994) , water (Stasovski and Peterson 1993; Peterson 1998) , and salinity (Karahara et al. 2004) , as well as phytohormones Nakayama et al. 2017) , have been shown to influence the formation and development of the Casparian strips.
Elucidating the chemical composition of the developing Casparian strips is vital for providing a better understanding of their structure and function. It is currently believed that Casparian bands are deposited at the intermicrofibrillar spaces of the primary cell walls, which are largely comprised of suberin, an aliphatic polyester and the main component of cork (Schreiber et al. 1994; Schreiber 1996; Zeier and Schreiber 1997) , whereas other works found evidence that Casparian strips largely consist of a lignin-like polymer (Karahara et al. 2004; Schreiber et al. 1999; Yokoyama and Karahara 2001) . The relative abundance of lignin and suberin in the Casparian strips varies throughout endodermal cell development, and between dicotyledonous and monocotyledonous species (Zeier et al. 1999a; Zeier and Schreiber 1998) . Nevertheless, the chemical composition of the Casparian strips has remained a contentious issue. Several approaches have been used to analyze the structure and chemical composition of the Casparian strips in many plant species (Schreiber et al. 1994; Zeier and Schreiber 1999; Hartmann et al. 2002) ; however, traditional histological and histochemical techniques could not accurately separate the depositions of lignin and suberin from the endodermal cells. The chemical nature of the Casparian strip polymers, therefore, requires further elucidation.
In the present study, we used a combination of techniques to examine the Casparian strips of the Chinese fir (Cunninghamia lanceolata (Lamb.) Hook. (Cupressaceae)), which is native to China. Chinese fir is a dominant tree species in southern China because of its adaptability to diverse environmental conditions, and is widely planted commercially for its rapid growth and the properties of its highly durable, scented wood. This species is currently grown on over 11 million hectares (Shi et al. 2010) , but its many applications mean that this area is expanding in 15 provinces across China (State Forest Administration 2014).
Here, we used fluorescent staining to observe the development of the Casparian strips under laser scanning confocal microscopy. Fourier transform infrared (FTIR) spectroscopy was used to examine the chemical composition of the Casparian strips, while confocal Raman microscopy enabled the label-free, in situ structural, and nondestructive analysis of these barriers. Confocal Raman microscopy, a combination of Raman spectroscopy and confocal microscopy, has emerged as a powerful biomedical imaging modality (Das and Agrawal 2011; Dieing and Hollricher 2008) . The use of this technique has provided new insights into the chemical composition of plant cell walls in the context of their structure, making it a convenient method of quantitative chemical imaging (Agarwal 2006; Ma et al. 2011) .
The purpose of this study is to examine the developmental stages and barrier functions of the endodermal Casparian strips in Chinese fir primary roots, with a special emphasis on the deposition of lignin and suberin. The results of this study should further elucidate the composition and function of Casparian strips in the primary roots of this and other tree species.
Materials and methods

Plant materials and growth conditions
Newly matured seeds were collected from Chinese fir trees in Minhou County, Fujian Province, China (N26°35′, E119°24′, 1020 m above sea level), on December 20, 2013 and air-dried at room temperature for 10 days. The seeds were sterilized with 0.2% NaClO for 15 min, rinsed three times with sterile water, and incubated for 1 week under continuous light at 22 °C on pledgets moistened with distilled water. The germinating seedlings were transferred to a growth chamber under a 16-h light:8-h dark photoperiod, with 500-600 µmol m −2 s −1 photosynthetically active radiation, 22 °C, and 70% relative humidity during the day, and 18 °C and 90% relative humidity at night. The seedlings were watered with sterilized distilled water every 2 or 3 days, and their primary roots reached up to 11-13 cm in 6 weeks under the above growth conditions.
Histochemistry of Casparian strips
Primary roots of 6-week-old Chinese fir plants, which were approximately 8-10 cm long, were divided into three zones: zone I (0-1 cm), zone II (1-4 cm) and zone III (4-8 cm), and 0.3-cm segments were cut at 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 cm from the root tip. The samples were fixed with 2.5% (w/v) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 24 h at 4 °C. The samples were then rinsed in 0.1 M cacodylate buffer, dehydrated in a graded ethanol and acetone series, then infiltrated and embedded in Spurr resin (Electron Microscopy Sciences). The resin blocks were polymerized for 24 h at 70 °C, then cut into 10-µm slices using an ultramicrotome (Leica Biosystems). The Casparian bands were stained with 0.1% (w/v) berberine hydrochloride for 1 h and counter-stained with 0.5% (w/v) aniline blue for an additional hour, as reported previously (Brundrett et al. 1988; Man et al. 2018) . The stained sections were viewed under a Leica TCS SP8 confocal laser microscope (Leica Microsystems) with an excitation wavelength of 488 nm and a detection wavelength of 520 nm.
Permeability tests
The apoplastic fluorescent dye calcofluor was used to test the permeability of the root endodermis cells using a previously described method Weis et al. 2014) , with some modifications. Using a razor blade, the fresh primary roots were cut into 0.5-cm segments starting 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 cm from the root tip, after which the cut edges were sealed with molten paraffin. The root segments were carefully wounded by scratching the exodermis, which is otherwise impermeable to dyes. Care was taken to ensure that only exodermis tissue was affected by this wounding, with no damage to the endodermal cell layer. The root segments were incubated in 0.01% calcofluor (w/v) for 24 h, after which they were rinsed in phosphate buffer and sectioned using a double-edged razor blade. The sections were mounted in glycerin and directly viewed under a Leica DM2500 fluorescence microscope (Leica Microsystems). For the calcofluor-treated sections, a blue fluorescence filter was chosen, which included an exciter filter BP 365 nm, chromatic beam filter FT 395 nm, and barrier filter LP 420 nm.
Isolation of Casparian strips from roots
The primary roots of 6-week-old Chinese fir seedlings were divided into two zones, zone II (1-4 cm) and zone III (4-8 cm), which were dissected into 1-cm pieces using a razor blade. The Casparian strips were enzymatically isolated and purified following the method previously described by Schreiber et al. (1994) , with some modifications. Root segments were incubated for 1 h at 34 °C in a separating solution containing an equal volume of 30% hydrogen peroxide and acetic acid, rinsed three times with sterile water, and then incubated at 46 °C in an enzymatic solution containing 2.5% (w/v) cellulase (R-10; Yakult, Japan) and 1.5% (w/v) pectinase (Y-23; Yakult) dissolved in 0.01 M citric buffer adjusted to pH 4.8. After about 5 h, the root segments were rinsed three times with sterile water. The endodermal and exodermal cell walls were separated using two dissecting needles under stereomicroscopy, and the Casparian strips of the endodermis cells from zones II and III were thoroughly washed and stored in sterilized distilled water at 4 °C. The isolated Casparian strips were viewed under a Leica DM2500 fluorescence microscope using a blue fluorescence filter, which contained the exciter filter BP 365 nm, chromatic beam filter FT 395 nm, and barrier filter LP 420 nm.
FTIR spectroscopy
The Casparian strips isolated from the primary roots of Chinese fir were analyzed using an FTIR spectrometer (Vertex 70; Bruker, Germany). The FTIR spectra were recorded with a resolution of 2 cm −1 in the spectral range 4000-500 cm −1
. The samples were scanned three times, and all data were analyzed using Origin 6.0 software.
Confocal Raman microscopy
The primary roots of 6-week-old plants were cut into 0.3-cm segments starting 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 cm from the root tip, which were then infiltrated and embedded in Spurr resin (Electron Microscopy Sciences). An ultramicrotome (Leica Biosystems) was used to cut the samples into 10-µm slices, after which the Spurr resin was dissolved in a saturated solution of sodium hydroxide in ethanol. Raman spectra were acquired using a LabRam Xplora exquisite full-automatic confocal Raman microscope (Horiba Jobin Yvon) equipped with a confocal microscope (Olympus BX51) with a motorized x and y axis, and a high numerical aperture (NA) microscopy objective from Olympus (MPlan 100 × objective, NA = 1.40). The cross-sections were focused using a linear-polarized green laser (532-nm wavelength) providing 8 mW of power to the sample. For mapping, an integration time of 4 s and steps of 0.6 µm were applied. Every pixel corresponded to one scan, and each location was obtained by averaging 2-s cycles. The wave number ranged from 3200 to 600 cm −1 . Labspect 5 software was used for the image processing and spectral analyses (Ji et al. 2013) . The lignin distribution was demonstrated by integrating over the 1600 cm −1 band (1550-1640 cm −1 ), which is attributed to aromatic C=C bond vibrations (Gierlinger and Schwanninger 2006) ), which is dominated by the CH 2 stretching vibration (Bernards 2002) .
Results
Casparian strip development in the endodermis
To characterize the different stages of Casparian strip development in the endodermis of Chinese fir, we took cross-sections at six different positions (0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 cm from the tip) along the primary root. Berberine-aniline blue was then used to stain the Casparian strip and the resulting green fluorescence was visualized under blue light excitation (Fig. 1) . The Casparian strips were observed in the radial cell walls of endodermal cells 0.5 cm from the root tip (Fig. 1a) , where the primary stage of endodermal cell development occurred. This signal increased 1 cm from the root tip, indicating that the deposition and fluorescence of Casparian strips was much greater in this region (Fig. 1b) . The endodermal cells showed a thick deposition of radial walls in the region approximately 1-4 cm from the root tip, alongside an increase in Casparian strip signal strength (Fig. 1b-d ).
In the region approximately 4-8 cm from the root apex, the Casparian strip signal on the radial cell walls of the endodermal cells further increased in strength (Fig. 1d-f ).
Apoplastic permeability of Casparian strips
We used the apoplastic tracer calcofluor, which binds to cellulose, to detect the apoplastic permeability of the root endodermis. Calcofluor could diffuse into the cortex tissue of roots with an experimentally damaged exodermis, as indicated by the blue fluorescence of their calcofluor-stained cell walls. At 0.5 cm from the root tip, this fluorescence was observed in the exodermis, cortex tissue, and stele (Fig. 2a) . At 1 cm from the root tip, the blue fluorescence was only observed in the exodermis and cortex tissue below the wound and was hardly detectable in the vascular tissue (Fig. 2b) .
Casparian strips during endodermis development
The cytological features of the enzymatically isolated endodermal Casparian strips from zones II (1-4 cm) and III (4-8 cm) of the primary roots were observed using fluorescence microscopy. The Casparian strips formed continuous nets, revealed by their bright green fluorescence under blue light (Fig. 3) . The cytological features of the isolated Casparian strips from primary root zones II (Fig. 3a) were similar to those of zone III (Fig. 3b) , with no pit fields detected in the Casparian strips in the radial or transverse cell walls. 
Chemical composition of the Casparian strips revealed using FTIR spectroscopy
To further identify the chemical compositions of the Casparian strips, we isolated the endodermal Casparian strip network from zones II (1-4 cm) and III (4-8 cm) of the Chinese fir primary root and scanned them with a FTIR spectrometer (Fig. 4) . The spectra of the endodermal Casparian strips isolated from zones II and III of the primary roots showed similar absorption bands; however, the relative intensity of the various absorption bands were lower for zone II than for zone III, indicating that the abundances of all endodermal Casparian strip components were slightly lower in zone II.
The spectra of the Casparian strips had a broad absorption band at around 3336 cm −1 , which is associated with the stretching vibrations of the hydrogen bonds in OH or NH groups. The two intense bands at 2918 cm −1 and 2856 cm −1 in these spectra could be assigned to the asymmetrical and symmetrical stretching vibrations of methylene groups, which are present in suberin. The strong absorption bands detected around 1732 cm −1 in the spectra from both root zones could be attributed to the stretching vibrations of the C-O groups in suberin. The absorption bands around 1635 cm −1 and 1510 cm −1
were typical of the molecular vibrations in lignin and cellulose, respectively, while the bands around 1026 cm −1
were typical of carbohydrates such as cellulose.
In situ, label-free, chemical imaging of Casparian strips using confocal Raman microscopy
To further analyze the dynamic changes in the processes of suberification and lignification in the endodermal Casparian strips of Chinese fir, cross-sections were taken at six different positions along the primary root and imaged using confocal Raman microscopy. Two-dimensional chemical images were generated by integrating over the wavenumber ranges containing strong Raman bands. The output ). Crosssections were obtained at 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 cm from the root tip. Cs Casparian strips, En endodermis. Scale bars 20 µm. Colour code, an increase of the signal intensity of lignin and suberin from black via blue, green, yellow to read wavelengths of the optical parametric oscillators were set to about 2850 cm −1 for the suberin CH 2 stretching vibrations and about 1600 cm −1 for the aromatic C=C vibrations in lignin. When compared with the images of the tissues stained using berberine-aniline blue, the confocal Raman images of the C=C and CH 2 stretching vibrations showed a higher specificity for the lignin and suberin components of the Casparian strips, respectively (Fig. 5) .
As with the berberine-aniline blue staining results, the use of confocal Raman microscopy also detected Casparian strips in the endodermal cell walls as little as 0.5 cm from the root tip, as illustrated by the presence of C=C and CH 2 stretching vibrations. Moreover, the confocal Raman signals of lignin and suberin became stronger in the radial cell walls of the endodermal cells 1-8 cm away from the root tip (Fig. 5b-f, b′-f′) . The highest intensities of lignin and suberin were observed 8 cm from the root apex, indicating the maturation of the Casparian strips in the endodermis. Figure 5 shows that the confocal signal was greater in the compound middle lamella (comprising the middle lamella and adjacent primary walls) in the endodermal radial cell walls.
Discussion
The Casparian strips in the walls of root endodermis and exodermis cells are comprised of lignin and suberin in most species; however, the development of Casparian strips can be strikingly different between species (Barnabas and Peterson 1992; Enstone and Peterson 1997; Zeier et al. 1999a ). In onion (Allium cepa L.) roots, Casparian strip formation begins in the center of the radial endodermal walls then expands symmetrically outwards (Barnabas and Peterson 1992) , but in Arabidopsis, suberin biosynthesis and accumulation occurs much later than the formation of an endodermal barrier (Naseer et al. 2012) . In this study, we used berberine-aniline blue staining and fluorescence microscopy to dissect the development of the endodermal Casparian strips in the Chinese fir primary root, revealing that they initially formed in the cell walls 0.5 cm from the root tip but became thicker and larger in the cells approximately 1-4 cm from the root tip. Endodermal cells in the region approximately 4-8 cm from the root tip displayed even more pronounced Casparian strips. These results suggest that the development of Casparian strips in the endodermis can be divided into three consecutive stages in the primary roots of Chinese fir.
Casparian strips form a network in the primary walls of the endodermal cells, which acts as a physical apoplastic transport barrier with important roles in the exclusion of pathogens, selective nutrient uptake, and water absorption (Julkowska and Testerink 2015; Karahara et al. 2004; Ranathunge et al. 2011) . Casparian strips also prevent the radial loss of oxygen from the roots to the substrate under anoxia/ hypoxia (Kotula et al. 2009 (Kotula et al. , 2014 (Kotula et al. , 2017 . Previously, the fluorescent dye calcofluor was used as a convenient apoplastic tracer to check the permeability of the endodermal diffusion barrier Peterson and Perumalla 1990; Wu et al. 2005) . In the present study, we demonstrated that calcofluor diffused through the endodermis and then entered the stele tissue 0.5 cm from the root tip, but it was hardly detectable in the root vascular tissue 1 cm from the tip. These results indicate that the barrier functions of the endodermis were established in the secondary development stage of the Casparian strips, when the thicker bands were observed.
The Casparian strips in the endodermal cells are impregnated with lignin and suberin, and can, therefore, be isolated by enzymatic digestion and used for microscopic and analytical investigations (Robards et al. 1976; Karahara and Shibaoka 1992) . In this study, we revealed that the Casparian strips isolated from different zones of the primary roots of Chinese fir showed similar mesh morphologies. No pit fields were observed on the surface of the cell walls at the Casparian strips in the primary roots, which was also reported for Pinus bungeana (Wu et al. 2005 ). These results demonstrate that the continuous Casparian strip nets, form from the early stages of root development are important to provide protection from the external environment.
FTIR has been widely used to determine the chemical composition of Casparian strips, revealing that lignin and suberin are the major constituent biopolymers in many plant species (Hartmann et al. 2002; Zeier and Schreiber 1999) . The conclusions made using FTIR spectroscopy have been demonstrated to be consistent with those of previous studies with direct chemical analyses performed using gas chromatography and mass spectrometry (Schreiber 1996; Schreiber et al. 1999) . FTIR spectroscopy analysis of P. bungeana indicated that very little suberin was present in Casparian strips isolated from the needles, but equal amounts of lignin and suberin were detected in the Casparian strips of the root endodermis (Wu et al. 2005) . Casparian strips isolated from the roots of three rice (Oryza sativa) cultivars were mainly composed of aliphatic suberin, lignin, and cell wall proteins and carbohydrates . In this study, we used FTIR spectroscopy to evaluate the chemical compositions of roots at different developmental stages, revealing that the Casparian strips in all stages had similar absorption bands at 2918, 2856, 1732, and 1636 cm −1 (Fig. 4) . This indicated that the Casparian strips of the Chinese fir root endodermis at a variety of developmental stages contained aliphatic lignin and suberin, although the FTIR absorbances from Zone III were higher than Zone II at these bands (Fig. 4) . This showed that the contents of lignin and suberin were higher in the Casparian strips at the tertiary stage than the secondary stage.
3
The development of Casparian strips is usually accompanied with the polymerization and deposition of lignin and suberin Krishnamurthy et al. 2009 ). Casparian strips represent only the primary developmental stage of the endodermis, which is followed by the deposition of suberin lamellae onto the surface of the protoplast next to the endodermal cell walls Zeier et al. 1999b) . Therefore, the chemical analysis of Casparian strips isolated from roots may reflect the presence of both polymers. Additionally, Schreiber et al. (1994) showed that the native structure of Casparian strips is usually destroyed by their enzymatic isolation, making their spatial analysis inaccurate. Confocal Raman microscopy overcomes this problem, as it enables their chemical composition to be assessed nondestructively and in situ, without exogenous labels, making it an appropriate technology for the investigation of Casparian strip composition at different developmental stages. We first detected the confocal Raman signals of lignin and suberin 0.5 cm from the root tip (Fig. 5a, a′) , and their signals became stronger in the compound middle lamella of the endodermal cells 1 cm from the root tip, concurrent with the development and thickening of the Casparian strips (Fig. 5b, b′) . The confocal Raman signal intensity and range associated with lignin and suberin were highest at 8 cm from the root tip. These results confirmed the findings of our berberine-aniline blue staining assay, and indicated that suberification and lignification began in the outer radial cell walls of the endodermal cells in Chinese fir, concurrent with the development of the Casparian strips. We confirmed that the endodermal cells were more permeable 0.5 cm from the root tip, but had formed effective barriers to water and solutes by the secondary development stage of the Casparian strips. This is consistent with previous studies obtained from Maize (Zea mays L.), which reported that the thicker deposition and larger size of Casparian dots at the secondary development stage of the Casparian strips contributed to its barrier functions (Man et al. 2018 ). The key functions of Casparian strips are to prevent the loss of water from the plant to their surroundings, facilitate the selective absorption of inorganic ions from the external media, and resist pathogen attack Zeier and Schreiber 1997) , making them a vital component of the root system and its ability to respond to environmental change. The early formation of the endodermal Casparian strips demonstrated here suggests that they may provide Chinese fir seedlings with a greater adaptability to the environment, which resulted in the wide distribution of this species across the various biomes in China. In summary, we described the cytological features of the root endodermis during the development of the Casparian strips. The efficiency of their barrier function was shown to be largely related to their developmental stage and the deposition of lignin and suberin. Furthermore, using confocal Raman microscopy, we showed that lignification and suberification occur simultaneously during Casparian strip development, which formed an effective endodermal barrier in Chinese fir.
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